The polycrystalline Ni 3 Al is brittle since the notorious intergranular fracture mode which hinders its applications. Here we perform molecular dynamics to highlight the unique role of nanotwin boundary in the plastic deformation and with disordered nanotwinned structure after severe plastic deformation.
twin becomes very small. A physical model combined with energetics analysis is provided to rationalize the transition. Our atomistic insights are in qualitative agreement with recent observations of improved strength and ductility of Ni 3 Al with disordered nanotwinned structure after severe plastic deformation.
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Introduction
Nickel aluminides are a category of intermetallic alloys composed of nickel and aluminum which present mechanical properties similar to both metallic materials and ceramics [1] . This is because of the covalent-like metallic bonding between Ni and Al [2, 3, 4]. Among them, the L1 2 (face-centered cubic, with Ni on the face and Al on the corner) structured Ni 3 Al exhibits extraordinary elevatedtemperature properties and it is potentially served as an ideal creep resistance material [5] . The long-range ordered superlattice of L1 2 structure can effectively suppress the diffusive processes and dislocation mobilities, therefore, leads to the high strength of Ni 3 Al even at elevated temperatures. Probably the most wellknown utility of Ni 3 Al is that it is frequently used as a strengthening constituent (γ phase) of the singlecrystalline nickel-based superalloys [1] . Combined its high thermal conductivity, low density, and unique high-temperature strength, the Nibase superalloys have been widely used in aerospace and power industries [1] .
But there exist obvious disadvantages of the pristine Ni 3 Al.
Even though Ni 3 Al has very high theoretical strength [4] and exhibits superior high-temperature performances, there remains a long-standing bottleneck of its applications as structural materials. The unalloyed polycrystalline Ni 3 Al itself is notorious for its brittle fracture manner since the intergranular fracture [6, 7] ; see an examples of Σ7 grain boundary fracture in Movie S1 of the Supplementary Information. Under loading it usually suffers from catastrophic failure without noticeable ductility, which is fatal for structural applications. Actually, singlecrystalline Ni 3 Al have long been known to be ductile while their polycrystalline form was seen to be brittle. Many experiments have shown that the room-temperature ductility of polycrystalline Ni 3 Al decreases dramatically when tested in moisturecontaining environments, indicating a substantial environmental effect on ductility [8] . Therefore, reducing the propensity of brittle intergranular fracture is a key procedure towards ductilizing Ni 3 Al. It is well-known that there is a traditional tradeoff dilemma between strength and ductility of materials. The covalent-like Ni-Al atomic bonding, on the one hand, benefits the high intrinsic strength of Ni 3 Al, which requires uniform breaking of the atomic bonds; on the other hand, it reduces the corresponding ductility. In principle, the pristine Ni 3 Al has even higher theoretical strength than its related superalloys [4] . So that there seems to be plenty room for the potential applications of Ni 3 Al for a mechanical purpose. However, there must be an effective strategy which can lead to a possible brittle-ductile transition of this material before the real applications.
Generally speaking, there are two pathways towards the ductilization of the brittle materials. The first choice is the chemical doping. It has been shown in experiments that the minor content of boron addition can dramatically increase the ductility of polycrystalline Ni 3 Al [6] . The segregation of boron is beneficial for the grain-boundary cohesion and thus changes the fracture mode from intergranular to transgranular. As a result, the ductility is improved. While here we focus on another strategy, which is targeted at improving the intrinsic mechani-cal properties and modulating the fracture modes of the pristine Ni 3 Al from its microstructure without involving doping effect.
Recently, size effect introduces significant advancement into the performance of mechanics of materials [9, 10] . The strength of material is usually increased with decreasing grain size, or sample size, following a classical Hall-Petch relationship. In particular, the introduction of coherent twin boundaries (TBs) into sub-micron grains has greatly optimized strength without compromising too much ductility [11, 12, 13, 14, 15, 16] . Especially, a very recent experiment indicates deformation twinning could improve both strength and fracture toughness of high-entropy alloys [17] . All the new findings almost throw out the conventional idea that smaller is stronger, but more brittle, and less tougher in metallic crystals [9, 18, 17] . Molecular dynamics (MD) simulations show that TB could effectively block the motion of dislocations but allow its penetration partially [19] . This unique feature of dislocation-twin interaction excludes TB from other general high-angle grain boundaries in strengthening materials. Very recently, even the covalently-bonded materials, e.g., diamond, and boron nitride, exhibit unprecedented hardness and stability via nanotwinning [20, 21] . The present study is motivated by these amazing nanotwinned metallic and covalent materials.
We wonder if a nanotwinned Ni 3 Al can also show high strength and acceptable ductility simultaneously; as those have been achieved in both pure metallic-and covalently-bonded nanotwinned materials. While the bonding nature in Ni 3 Al is between metals and ceramics.
The main objective of this work is designing a strong and also ductile Ni 3 Al nanostructure via a 'bottom-up' strategy. According to the experimental observations, deformation twinning is an important deformation mechanism of Ni-based superalloys at intermediate temperature and low strain rate conditions [5] . The deformation twins are found to initialize in the γ precipitate of superalloys by nucleation of identical Shockley partials a/6{111} 112 , on consecutive {111} planes. Therefore it seems to be possible in principle to prepare a real twinned Ni 3 Al structure. Recently, bulk nanostructured Ni 3 Al can be achieved via severe plastic deformation by high pressure torsion (HPT) [22, 23, 24, 25, 26, 27] . In some cases, a large density of nanotwins are noticed by transmission electron microscopy in the nanocrystalline grains [25, 26, 27] . Moreover, a recent promising experiment has shown that ultrahigh strength can be achieved in twin-free Ni 3 Al nanocubes [28] . It also shows possible homogeneous deformation with long elongation in the mentioned dislocation-free nanosized Ni 3 Al cubes. All the above experimental phenomena motivate us to make a primary atomic-scale estimation on the intrinsic mechanical performance of the nanotwinned Ni 3 Al in comparison with its twin-free counterpart.
The first-principles calculation with electronic details is the most robust tool to understand the ideal, or intrinsic mechanical properties of a perfect crystal accurately [29] . It predicts very reliable elastic constants [4], theoretical strength [29] , some of the defect energetics [30, 31, 32] . However, there are usually size limitations in density functional theory (DFT) calculations which cannot deal with a real system containing large extrinsic defects, e.g., crack, dislocations, surface, and grain boundaries etc., with typical size much larger than the available spatial scale of quantum mechanics. But the meaningful strength of a large-volume structural material with engineering relevance is usually governed by its fracture toughness instead of the ideal strength which is only associated with the uniform bond breaking strength [29, 33] . Alternatively, classical MD with a reliable empirical interatomic potential could be an alternative method for understanding the microscopic deformation mechanisms, fracture modes, and the mechanical properties of nanostructures which are usually dominatingly governed by their extended defects [13, 34, 35, 36, 37, 38] . The reliability of MD is strongly related to the choice of empirical potentials. There are also time-scale limitations in MD which lead to very high strain rates in deformation. Fortunately, hundreds of nanometers are sometimes large enough to mimic a metallic nanostructure, which can be handled effectively by MD. Depending on specific problems, MD can recognize important deformation mechanisms even at high strain rates [13, 34, 35, 36, 37, 38] . In the case of Ni 3 Al, atomistic simulations have already shown novel deformation mechanisms when the sample size is reduced to the form of nanocubes [39] , or nanopillars [40] . Here we focus on the fracture of Ni 3 Al nanotwinned structures with a reliable empirical potential [41] .
In this work, we adopt an atomic-level crack model to highlight the superior mechanical performances of Ni 3 Al nanotwinned structure. We find a surprising 'smaller is stronger, but still tougher' trend, which is in sharp contrast with the conventional idea that high strength deserves poor ductility and low toughness. A novel quasi-brittle fracture mechanism of pristine Ni 3 Al is uncovered with nucleation of twinning dislocations from crack tip. We also notice an interesting transition of fracture mechanism in nanotwinned Ni 3 Al from dislocation nucleation to shear localization due to competition between twin spacing and the critical size of nucleated dislocation. Possible energetics analysis is provided to understand the correlation between the macroscopic mechanical behaviors and the atomic-level observations of cracking mechanisms.
Computational details

Model setup
Atomic-level crack model has been widely adopted to study the intrinsic mechanical properties of materials [42, 37, 43, 33, 44, 45] . Here we use a similar strategy. Fig. 1 shows the geometry of an atomic-scale mode I crack model of The dimensions of these 3-dimensional crack samples are about 50 nm × 5 nm × 50 nm (∼ 880,000 atoms), depending on the choices of twin boundary spacing λ. The convergence of deformation mechanisms in the crack models has been checked against larger models. In the present modelings, we vary λ from 0.62 nm (the possible smallest twin size with a complete ABC stacking sequence of the L1 2 structure along 111 direction) to as large as 9.9 nm, in order to investigate the size effect on their fracture behaviors. A twin-free pre-cracked model is also created in comparison with these nanotwinned samples.
Molecular dynamics
The present atomistic simulations are performed by the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [46] . The force field is described by an embedded-atom method (EAM) potential for Ni-Al system [41] . This potential is built by fitting to both experimental and first-principles data. It can predict very accurate lattice and mechanical properties, energetics of point defects and planer faults, which are of vital importance to study the cracking behavior of Ni 3 Al [41] . It has been widely used to investigate the deformation mechanisms of Ni 3 Al nanostructures, which include both nanowire and nanocube [40, 39] . To drive the propagation of mode I crack, long-range uniaxial tensile loading on 111 direction (perpendicular to the crack surface and twin plane) is applied with a constant strain rate of 10 8 s −1 . The MD time step is 2 fs. Note that very high strain rate is applied to the crack model within the short MD time window. High strain rate drives the displacive deformation modes (dislocation nucleation and motion)
to occur at short time scale since the high stress level significantly reduces the activation free energy barrier. However, the diffusive mechanisms are not very sensitive to the external stress and cannot be included in the present MD modellings at low temperature. Therefore, we may miss the long time-scale diffusion mechanisms which is required to transform a pseudo-twin to a real twin structure in Ni 3 Al [5] . In order to obtain the intrinsic toughness of the pre-cracked nanotwinned samples, the simulations are carried out at 1 K with a NPT ensemble, to rule out the thermal noises [34] . Here N, P, and T denote number of atoms, pressure, and temperature, respectively. Nosé-Hoover thermostat is utilized to keep constant temperature [47, 48] . Parrinello-Rahman technique is adopted to control the stress tensor [49] . Free surface is generated on visualized by the softwares OVITO [50] and ATOMEYE [51] .
Results and discussion
Smaller is tougher
According to the classic Griffith criterion [52] , brittle fracture happens if the release of the strain energy exceeds the surface energy generated by the two new crack surfaces for an infinitesimal crack propagation. The fracture stress is described in this framework as:
Here E is the Young's modulus, γ s the surface energy, and a 0 the half length of the crack. The fracture stress σ c is actually the critical stress of the onset of crack propagation, or the stress level required to generate the first plastic event, such as dislocation emission in the present case. Note that surface effect could lead to big uncertainty in the estimation of fracture stress and toughness, the crack is moved into the center of the models which are described by PBC on each direction, see the geometry in the inset of Fig The fracture toughness, according to the present atomistic model, can be estimated as:
where K Ic is the critical stress intensity factor of mode I crack. The latter is ∼ 27 GPa [40] , which is estimated by the present EAM potential [41] .
Since the ideal strength is in principle governed by the uniform breaking of atomic bonds, whereas the fracture stress is relevant to a heterogenous plastic event near the crack tip, therefore a big gap exists between the two mechanical parameters.
Note there are more than 10 times difference in the density of twin boundaries in our models, which allows to obtain a clear insight into the size effect of cracking in nanotwinned structures. It is interesting to find that the peak stress (or critical stress) of all the nanotwinned samples are larger than their twin-free counterpart, which is shown as the black curve in Fig will be detailed and rationalized in this work.
Fracture mechanisms 3.2.1. Fracture mechanism of twin-free Ni 3 Al
It is well-known that Ni 3 Al is very brittle in polycrystalline form due to the intergranular fracture mode [6, 1]; see an example of Σ7 cleavage demonstrated by Movie S1 in the Supplementary Information. In this work we focus on fracture of the singlecrystalline, and nanotwinned Ni 3 Al. We first clarify the fracture mode of the twin-free pristine Ni 3 Al. The cracking mechanism is shown in Fig.   3 at very high temporal resolution in order to catch important plastic events. The atomic structures, and their instantaneous stress tensor distribution of σ xx and σ xz are shown in Fig. 3(a) , (b), and (c), respectively, at different levels of tensile strain ε. ε = 1.6% is the case just before the first plastic event appears. We cannot notice any defective structures except the pre-existing crack, but significant stress concentration of both σ xx and σ xz is noticed at the crack tip. Such high stress concentration leads to the first Shockley partial dislocation (a/6 112 ) nucleating from the crack tip, as labeled by a circle at ε = 1.8%. The nucleated leading partial travels across the whole sample before it reaches at the opposite free surface of the crack model. At ε = 2.6%, the second leading partial is nucleated at the adjacent (111) The enlarged atomic structure of apparent deformation twin at ε = 10.2%
is shown as the most right panel of Fig. 3(a) . It denotes an actual pseudo-twin structure of Ni 3 Al. Although the atoms form a mirror display on the two sides of (111) twin boundary plane, Ni and Al atoms in twin are not on the exact mirrored positions of the matrix. Such deformation pseudo-twinning mechanism is also noticed in NiTi alloy with B2 structure [35] . This findings of pseudo-twinning may come from the time-scale limitation of MD. It actually takes further shuffling mechanisms after shear to form a real twin in NiTi [54, 55] . The pseudo-twin in Ni 3 Al is not stable since Al atoms lie in the unfavorable nearest neighbouring positions. This is illustrated by the extremely high stress concentration in the twinned region; as displayed in Fig. 3(b) and (c). Note that this pseudo-twin will finally transform to a real twin by some possible diffusive mechanisms in Ni 3 Al
[5]. The process has been clarified by first-principles calculations [5] . However, the diffusive process cannot be observed in the short time window of classic MD.
While in experiments, disordered nanotwins are observed after HPT [25, 26, 27] .
There is no long-range ordered structure in the disordered twin. The formation of such disordered twin requires disordering before twinning. In summary, the twin-free Ni 3 Al fractures in a novel quasi-brittle manner with sharp crack propagation by emitting twinning partials on the consecutive {111} planes. As we know, twin boundaries are effective blocks for the motion of dislocations. So that it seems possible to suppress this special manner of crack propagation by inserting high density of twin boundaries into pristine Ni 3 Al, which possibly gives rise to a brittle-ductile transition. Fig. 4 shows the fracture mode of a nanotwinned Ni 3 Al with λ = 6.2 nm.
Fracture mechanism of wide nanotwinned Ni 3 Al
Dislocation nucleation replaces deformation twinning as a ductile fracture mechanism due to an interaction between nucleated dislocations and pre-existing twin boundaries. As shown in Fig. 4 , the first partial nucleates from crack tip a bit earlier than ε = 2.20%. This partial should travel freely without obstacles in the twin-free sample. However, the pre-existing twin boundaries stop the propagation of the traveling dislocations at ε = 2.22%. Consequently, stress is concentrated in the intersection of twin boundary and dislocation front, as illustrated by the stress distributions in Fig. 4(c), (d) . Then, the second partial emits on the opposition side of the crack, and it is again blocked by the neighbouring twin boundary. The process is demonstrated by the plots at ε = 2.58%, and ε = 4.00%, respectively.
In this way, the pre-existing twin boundaries suppress the formation of deformation twinning, which has been shown as a quasi-brittle cracking mechanism of twin-free Ni 3 Al.
It is also interesting to notice that dislocations can penetrate the twin boundaries with the help of high stress concentration on the intersection of dislocation and twin boundary, which is shown at ε = 4.20% in Fig. 4 . The scenario is that first two partials nucleate from the crack tip, and then are blocked by the first nearest twin boundaries. With the critical role of even more stress concentration in the intersection of dislocations and twin boundaries, the stopped leading partial dislocations penetrate the first nearest twin boundary and are followed by trail partial dislocation. After the full dislocation slip, there leaves no stacking fault between the first and second nearest twin boundaries. The trailing dislocation can be observed as the white line in the stacking fault between the second and third nearest twin boundaries, as shown in Fig. 4 (b) at strain of ε = 4.20%. So the first several dislocations nucleated from the crack tip is not random in nature but triggered by the stress concentration. While after the dislocation avalanches, the dislocation nucleation is sort of stochastic behavior within the stress concentration region. The phenomenon is in good agreement with a previous atomistic reactive pathway sampling of dislocation-twin interaction in nanotwinned fcc metal [19] . With strain increases, dislocations avalanche in the vicinity of crack tip.
The above scenario is the crack blunting mechanism of the relatively wider nan- In order to clarify this point, we also simulate a sample with initial crack setup in between two twin boundaries. The scenario of crack tip dislocation nucleation and propagation as well as interaction with twin boundaries keeps unchanged.
Fracture mechanism of narrow nanotwinned Ni 3 Al
The toughness scaling in Fig. 2 This phenomenon is actually a rigid shear mechanism of the neighboring {111} planes, which is equal to homogeneous dislocation nucleation. It requires a critical resolved shear stress (CRSS) comparable to the ideal strength of a material (Σ3 twin boundary is the most stable grain boundary). This is the reason why nanotwinned Ni 3 Al shows very high toughness once the twin size is smaller than a critical value of about 3 nm, since the fracture stress is approaching to the ideal strength (see Fig. 2 ).
It is also worthy to notice that the shear localization can sometimes induce structural recovery with the continuous shear offsetting, as labeled by the ellipse in the case of ε = 8%. At larger strain of 24%, detwinning happens since there begins to exist shear stress component on the pre-existing twin boundaries. Stress distribution indicates reorientation of crack propagation (ε = 8%, 24%), with a significant role of stress concentration played at the intersections of twin boundaries and the shear offsets. We note this shear-banding-like behavior may be harmful to the ductility of Ni 3 Al. Shear localization may facilitate the nucleation of crack which finally leads to a brittle fracture phenomenon in the extremely narrow nanotwinned alloy. This is not anticipated for structural applications. As a result, the twin size cannot be too small in order to design a simultaneously ductile and tough nanotwinned Ni 3 Al.
Twin-size-dependent transition of mechanisms
In this section, we clarify why the variation in twin size can lead to a transition of fracture mechanism in nanotwinned Ni 3 Al. Fig. 7 lists the deformation modes of pre-cracked nanotwinned samples with λ between 9.90 nm and 0.62 nm. There is a clear trend from dislocation nucleation dominating cracking mechanism to shear localization with decreasing λ. The transition occurs at λ ∼ 3 − 6 nm, which coincides with the abrupt increase in toughness as shown in Fig. 2 . This is the microscopic mechanism underlying the discovered 'smaller is tougher' trend. For comparison, similar mechanism transition has been detected by MD simulations in copper nanopillars [34] . The inset of λ = 1.24 nm sample shows the atomic details of rigid shear of the nanotwinned sample on {111} slip planes. The rigid shear should be driven by extremely high stress that is almost identical to break a perfect crystal since the coherent twin boundary has very high cohesive strength. 
Energetics analysis
Our MD modelings predict that twin boundaries could block the motion of twinning dislocations. The brittle grain boundary fracture mode and the quasibrittle fracture mode of twin-free singlecrystalline Ni 3 Al can be significantly suppressed once the material is nanotwinned. Instead, heterogenous or homogenous dislocation nucleation may lead to some possibility of cracking blunting. Here we perform energetics analysis to furthermore understand the size effect on the twinnability of a pre-nanotwinned Ni 3 Al. The results are summarized in Fig. 9 .
The inset in Fig. 9 (a) denotes schematically the process of successive stacking fault formation on consecutive adjacent {111} planes due to the partial dislocation nucleation. The rigid shear is controlled to take place in the middle of a twin/matrix (far from twin boundary to reduce possible interaction).
The twin-size-dependent stacking fault energy (SFE) profiles are plotted versus normalized Burgers vector, as shown in the main plot of Fig. 9(a) . To form a deformation twin, at least a second stacking fault should be generated on the neighbouring plane of the first one with a shift of one Burgers vector. Therefore, the second SFE is a critical parameter to determine whether a deformation twin can form or not. It is noticed that all the nanotwinned samples have much larger SFE after the first partial compared with that of their twin-free counterpart. Fig.   9 (b) shows that the energy barrier of the second partial dramatically increases with decreasing twin size. This is the physical origin why the deformation twinning is very difficult in the pre-nanotwinned sample in contrast with the twin-free one. As a result, nanotwinning could be an effective way to drive a possible brittle-ductile transition in Ni 3 Al since the quasi-brittle fracture mode which requires deformation twinning can be greatly suppressed.
We further define an ideal CRSS(i-CRSS) [29] 
as the maximum stress required to drive the first rigid shear (homogenous dislocation nucleation) between two neighbouring {111} planes, as that illustrated in the inset of Fig. 9(a) . Here x is the relative displacement vector of the two neighbouring slip planes. γ x is the corresponding SFE with slip vector x. Fig. 2(b) , where shear localization becomes the dominating plastic mechanism. In this regime, fracture stress is almost identical to the i-CRSS of the perfect Ni 3 Al.
Smaller is stronger
Finally, we check the size effect on the intrinsic strength of the nanotwinned Ni 3 Al single crystal. Columnar-shaped Ni 3 Al nanopillar with different inserted density of twin boundaries is adopted to represent a single crystal. The diameter of pillars are 20 nm, which include about 2,730,000 atoms. The geometry of the pillars are shown in Fig. 10(a) . In order to obtain the strength, uniaxial tension is applied on the [111] direction with constant strain rate of 10 8 s −1 at 300 K. The peak stress appears in the stress-strain curve is defined as the strength of these nanotwinned single crystals. The calculated strength and failure strain are plotted as a function of twin size in Fig. 10(b) . It is interesting to find that strength and critical strain could be improved substantially by decreasing twin size. Such a 'smaller is stronger' trend discovered in Ni 3 Al is exciting since we have already shown a 'smaller is tougher' trend in the nanotwinned samples. Therefore we can probably achieve high strength and toughness simultaneously in the nanotwinned Ni 3 Al, while in most cases, toughness is sacrificed once strength is increased by reducing grain or sample size. In particular, the strength of the nanotwinned Ni 3 Al reaches about 17.0 GPa when twin is reduced to its smallest size, i.e., λ = 0.62 nm.
Such a high strength is almost comparable to the ideal tensile strength ∼ 25.0 GPa of Ni 3 Al on the [111] direction, according to a first-principles estimation [4] . Note that the ideal strength is the upper limit of stress that a material can sustain before the uniform bonding breaking, it should be much higher than the actual strength of a real material in which plastic deformation involving pre-existing defects is allowed, such as heterogeneous dislocation nucleation [29] .
Moveover, we also find an abrupt increase of strength when the twin size is smaller than ∼ 2.0 nm. Fig. 10(c) , and (d) confirm there exists a transition of deformation mechanism from dislocation nucleation to shear localization with decreasing λ below a critical value. The transition is similar to the transition in fracture mode of the pre-cracked nanotwinned Ni 3 Al. Combined with a similar transition discovered in the nanotwinned copper nanopillar [34] , it is postulated that size-induced transition of heterogenous (nucleation from defects, such as surface, grain boundary, crack tip et al. ) and homogenous (rigid shear, extremely localized deformation) dislocation nucleation is general in the nanotwinned metals. Finally, we note that the surface stress plays an important role in determining the failure strength and strain of these nanotwinned nanopillars. In our previous study, the surface stress can drive the deformation mechanism from dislocation nucleation to phase transformation with decreasing pillar diameter [40] .
Summary
Ni 3 Al exhibits superior mechanical properties at elevated temperature due to its long-range order L1 2 superlattice. It is frequently used as a strengthening phase (γ ) in the Ni-based superalloys. Ni 3 Al itself has even higher theoretical strength than that of the Ni solid solution (γ phase), which provides plenty room for the utility of Ni 3 Al as creep-resistance materials in high temperature environment.
However, the pristine Ni 3 Al is very brittle due to the notorious intergranular fracture and the covalent-like atomic bonding. The brittle nature is a long-standing unsolved issue of Ni 3 Al, which hinders its vast applications as structural materials. Generally, reducing grain size or sample size down to nanoscale leads to high strength, but this strategy usually compromises ductility and toughness.
Here we use atomistic simulations to highlight the critical role of nanotwin- [ 
